Coherent large-wave-vector phonons in graphene layers were excited by using a 7.5-fs ultrashort laser, and observed by wavelength-resolved pump-probe transient reflectivity spectroscopy. Inter-Dirac-cone electron scattering mediated by edges and defects in graphene layers drives large-wave-vector coherent D-mode phonons near the Dirac point (K point) of the Brillouin zone. In contrast to the normal coherent phonons generated with first-order Raman process, phonon chirp is observed, and amplitude and frequency strongly change depending on the probed wavelength. The results are discussed on the basis of doubly resonant Raman scattering process, demonstrating that generated D-mode coherent phonons can propagate as nanoscale optical-phonon wave packets.
Manipulating coherent motions of atomic or lattice vibrations is one of the keys to dynamic control of electronic and optical properties of materials. For this purpose, many studies were conducted using ultrashort laser pulses, combined with pulse-shaping techniques. [1] [2] [3] [4] However, most of the studies are limited to the excitation of -point phonons in solid materials, or of localized vibrational wave packets in atomic, molecular, or self-trapped excitons. 5, 6 Dynamics of nanoscale phonon wave packets, information on which is indispensable for full manipulation and control of electronic and optical properties of materials, has not been investigated so far. These phonon wave packets are expected to propagate in space following the phonon dispersions in the Brillouin zone, which could provide us with a new degree of freedom in a material's control.
The propagating nanoscale wave packets are of particular interest in graphene, which is a promising candidate for nanoscale devices. Moreover, the unique conical band structure near the Fermi level of graphene 7 gives rise to a strong resonant interaction between Dirac electrons and phonons, known as Kohn anomaly. [8] [9] [10] The strong coupling can be useful in controlling the atomic motions through electronic excitation and vice versa. Coherent excitation of phonons with the Fermi wave vector (K-point wave vector in the Brillouin zone) is a key to realize such control, which is also important for understanding the phonon dynamics and the strong electron-phonon coupling. However, ultrafast dynamics has only been investigated for the phonon modes at the point in graphene-related materials [11] [12] [13] [14] [15] owing to momentum conservation rule reinforced in the optical measurements. If the coherent large-wave-vector phonons at the K point can be excited and controlled, then the electronic states of the Dirac electrons can be directly modulated at a femtosecond timescale.
In the present study, we will demonstrate that impulsive excitation of graphene edges or defects by ultrashort laser pulses form a nanoscale optical-phonon wave packet near the K point in the Brillouin zone. This wave packet propagates along the graphene sheet with a group velocity of 5 nm/ps, reflecting the strong coupling between Dirac electrons and phonons. The mode is known as D mode in graphene-related materials, [16] [17] [18] and in contrast to the normal Raman modes at the point, originates from the doubly resonant Raman scattering process. 19, 20 This unique Raman process relaxes the momentum conservation rule by the electron scattering at edges or defects, enabling the excitation of coherent phonons with various large wave vectors [see the dashed arrow in Fig. 1(a) ]. Because the allowed wave vectors of coherent phonons depend on the light's frequency, the broad spectrum of the ultrashort laser enhances the wave-vector bandwidth of the excited coherent phonons. A superposition of these coherent phonons with different wave vectors results in an optical-phonon wave packet whose real space displacements of carbon atoms are confined to the nanoscale as shown in Fig. 1(b) . The wave packet initially localizes at the graphene edges and defects, and subsequently propagates along the graphene sheet as a coupled excitation of coherent phonons with Dirac electrons. The excitation and detection of such coherent phonons will open up a possibility of investigation of nanoscale properties of graphene without using any sophisticated space-resolved equipment such as a scanning tunneling microscope. In the following, we will show how this concept appears in the experimental results.
We performed pump-probe transient reflectivity measurements of graphene on silicon (GOS) and defective graphite (Ar-G) samples using a commercial Ti:sapphire laser (VENTEON) with a pulse duration of 7.5 fs, center wavelength of 800 nm, repetition rate of 80 MHz, and output power of 300 mW. The spectrum extends from 680 to 1050 nm, making the wavelength-resolved spectroscopy meaningful. Both pump and probe beams were incident on the sample at ∼30
• from the surface's normal, and then, the anisotropic change of the reflectance due to the pump pulse was measured by the electro-optic sampling method. 13 Band-pass filters with 10-nm bandwidth were placed behind the sample to observe the probe-wavelength dependence. Coherent phonon experiment with ultrashort laser pulses can detect the time-dependent frequency, amplitude and phase of the excited coherent phonons, whose information is inaccessible by use of steady-state and time-resolved Raman measurements.
Graphene with four layers was grown on SiC/Si(001) substrate (GOS). The details of this method were reported previously. 21 We also used defective graphite samples (Ar-G), in which the surface of highly oriented pyrolitic graphite (HOPG) was implanted with a 30-keV Ar + -ion beam to generate local defects. 16, 22 Typical dimensions of the sample were 10 mm ×10 mm. In advance of ultrafast measurements, the D/G ratios of samples were evaluated by conventional Raman spectroscopy with a 532 nm laser, which resulted in D/G ∼ 1 for both samples. The grain size of GOS samples, showing high crystallinity of crystalline grains, was estimated to be 10-20 nm by using the cross-sectional transmission electron microscope. 23 Nanographite samples with similar grain sizes showed similar D/G ratios, 24 indicating that most of the D mode of the GOS sample originates from the grain boundary (edges). On the other hand, the D-mode mostly originates from the point defects induced by the Ar irradiation in the case of Ar-G samples, whose density may be determined by the Ar-ion implantation dose of 3×10 13 cm −2 . Fig. 2(c) . The dephasing times of the G and D modes are 0.28 and 0.17 ps for the GOS, and 0.39 and 0.15 ps for the Ar-G, respectively. The slight differences between the G-and D-mode frequencies observed in Fig. 2(d) are probably due to the stress-induced high-frequency shift of the G and D modes in GOS and the defect-induced bond softening in Ar-G. 12, 25 Observation of the coherent D-mode phonons demonstrates that large-wavevector D-mode phonons can be excited simultaneously with fixed phase relations, in the cases of both the edges and the point defects.
The spectral components of the excited large-wave-vector phonon wave packet can be elucidated by resolving the spectrum of the probe light [26] [27] [28] because the wave vector of the coherent D-mode phonons (q = 0) depends strongly on the detected wavelength due to the double resonance [see Fig. 1(a) ]. The obtained FT spectra in Figs. 3(a) and 3(b) of the GOS and Ar-G samples, respectively, show the intensity and frequency dependences of the D-mode phonon on the probed wavelength. The rapid increase of the intensity ratio between the D and G modes (D/G ratio) as a function of the probe wavelength [ Fig. 3(c) ] reflects λ 4 dependence reported in Raman scattering experiments, 24 which originates from the energy denominators in the doubly resonant Raman scattering cross section. 29 In our coherent phonon experiment, the stimulated Raman process is used twice in the pump and probe processes in a similar manner to coherent anti-Stokes Raman scattering (CARS), 4 which yields a λ 8 dependence of the D/G ratio. The probe-wavelength dependence of the D-mode frequency [ Fig. 3(d) ] and the existence of the frequency jump at ∼830 nm demonstrate that many phonons with different wave vectors contribute to the coherent phonon oscillation. The frequency jump can be explained as follows. In the coherent phonon experiment, both the stimulated Stokes and the anti-Stokes processes contribute to the observed signal at a fixed probe wavelength as shown by the red and blue shaded areas in Fig. 3(e) . The ratio of the Stokes signal relative to the anti-Stokes signal changes at the center wavelength of the laser. This is illustrated by using the examples of two probe wavelengths, shown by broken and solid areas in Fig. 3(e) , in which the Stokes component is dominant in the low-frequency (long wavelength) part of the Gaussian probe spectrum, whereas the anti-Stokes component is dominant in the high-frequency (short wavelength) part of the spectrum. Because in the case of D mode the frequency of the anti-Stokes peak is different from that of the Stokes peak, 30 the frequency jump appears at the center wavelength of the probe laser, as observed in Fig. 3(d) . 31 One of the interesting phonon properties that appear due to the wave packet is a large time-dependent frequency shift (positive phonon chirp). Normally, frequency chirp is observed through electron softening or stiffening because of the high excitation density of the electrons. 11, 32, 33 However, the observed large phonon chirp in the D mode is almost independent of the pump fluence and the chirp direction is the opposite to that of the G mode. 11, 12, 34 Therefore, neither decoupling of the Kohn anomaly 11 nor the electronic softening can explain the main part of the frequency chirp.
To explain the D-mode phonon chirp, we first calculate the spectrum of a nanoscale optical-phonon wave packet. As in Fig. 1 , the wave vector of the D-mode phonon is determined by the double resonance as
where k K and v e are the wave vector at the K point and the Fermi velocity of the Dirac electrons in graphene, respectively. 19 Considering the spectrum of the laser we used and scattering processes of every resonant Dirac electrons, the spectrum of the D-mode coherent phonons S(ω phonon ) is estimated as a solid line in the inset of Fig. 4(a) . 35 S(ω phonon ) has a broad bandwidth and an asymmetric distribution. 35 Because we measured the coherent D-mode phonons using lower excitation energy (1.55 eV) with the broad spectrum, the estimated D-mode phonon spectrum has a lower-lying peak and a broader bandwidth than that calculated for 1.9 eV excitation (broken line). This broad bandwidth is a key to realize nanoscale optical phonon wave packet, and the asymmetry is an important clue to understand the phonon chirp.
The spatiotemporal profile of the D-mode phonon S(t,x) is then evaluated as a superposition of excited coherent phonon modes:
(2) We assume that the initial phases of the excited phonons have the same value of 0 because they are impulsively excited by the ultrashort laser pulses, and use the phonon dispersion curve along -K direction. 8 Note that this superposition can only be possible when the phonons are coherently excited. The calculated D-mode phonon displacement [ Fig. 4(a) ] turns out to be a nanoscale wave packet (∼6 nm) because of the broad bandwidth of the excited D-mode phonons. Since D-mode phonons near the K point interact strongly with Dirac electrons, the wave packet gains a group velocity of ∼5 nm/ps, as indicated by the arrows in Fig. 4(a) . This velocity reflects the slope of the phonon dispersion near the K point [ Fig. 4(b) ] that results from the Kohn anomaly. 8 S pump (t,x) enables us to calculate the transient reflectivity [ R(t)/R] due to the D mode with several assumptions. Because the displacement is not homogeneous in the case of D-mode phonons, we assumed that observed reflectivity change is proportional to the correlation (S pump * S probe ) between the wave packets excited by the pump and probe pulses. Calculated delay-time dependence of the correlation is shown in Fig. 4(c) . By performing a time-windowed FT, we can numerically evaluate the chirp profile and the dephasing of the D-mode phonons. The calculated phonon chirp in Fig. 4(d) Because the wave vectors of D-mode phonons and Dirac electrons in graphene and graphite are similar, the wave packet may open a gap on the nanometer scale 36 due to the strong electron-phonon coupling. The observed reflectivity change of the D mode may correspond roughly to the amplitude of 8 fm, 34, 37 which could open a gap of 4 meV by considering the electron-phonon coupling mechanism. 36 Note that the G mode just shifts the wave vector of the Dirac point and could not generate a gap owing to the different symmetry of the displaced lattice. 36 The energy gap does not cancel out until the coherent phonons dephase. Because of this, the Dirac electrons acquire a finite effective mass and slow down. To investigate such an interaction, the transport properties under selective excitation of the coherent D-mode phonon could be of interest.
In summary, we have excited a coherent nanoscale opticalphonon wave packet using the impulsive excitation of interDirac-cone scattering at graphene edges and defects. Since the D mode couples strongly with the electronic states near the Fermi level, this wave packet spatiotemporally modulates the electronic states with nanometer-spatial and femtosecondtime resolutions adding finite effective mass to Dirac electrons. Combining the concept proposed here with sophisticated pulse shaping techniques 38, 39 will enable full control of the phases and amplitudes of the optical phonon wave packet, which could be important in order to understand the coherent dynamics of electron-phonon coupling in graphene-related materials.
